As an important component in aero-engine, the stiffness of the flange joint has a direct impact on vibration characteristics. The paper studies the stiffness characteristics of the flange joint which includes a snap by nonlinear transient analysis in ANSYS. The angle of rotation-load curves under harmonic transverse load are obtained. It is discovered that there are different routes of curves in the process of uploading and unloading, and that the curves form a closed cycle, which is called hysteresis loop. Then, the paper also analyses the hysteresis's generation mechanism and the influence of joint parameters -preload of bolts and interference of the snap -on the shape and area of hysteresis loop. Finally, a model, which is comprised of the three-dimension finite element (namely, the joint) and beam element, is built to study the influence of hysteresis on vibration. The results show that the hysteresis of joint can be aroused under the circumstance of certain vibration amplitude and that the hysteresis can rapidly accelerate the amplitude attenuation by the mean of energy dissipation. The research results can be applied to vibration suppression design of aero-engine.
INTRODUCTION
The flange joint with a snap is an important kind of joint structure, which is widely used in the rotor and stator of aero engine for its advantages: easy installation, stable performance, and good centring. Initially, the effect of joint mostly is ignored and the two parts which are combined by joint were considered as one unit; thus, the stiffness characteristics of joint were neglected. Later studies, however, discover that there is obvious stiffness loss in joint, which has great influence on vibration characteristics. As a result, many scholars start to pay attention on its stiffness characteristics and simulation.
1-3 Canyurt calculated the stiffness of the joint through genetic algorithm. 4 Wang studied the stiffness loss of the joint in aero-engine and its influence on vibration of rotor.
5 Yao presented a new dynamic modelling method which is called the improved thin-layer element method to simulate the stiffness characteristics of the joint. 6 Qin studied the Bolt loosening at rotating joint interface and its influence on rotor dynamics.
7
These researches do not take into consideration the influence of a snap on the stiffness of joint, and assume the stiffness is constant. In fact, the stiffness and contact status of the joint do vary with the loading's fluctuation. Thus, scholars studied nonlinear stiffness and energy dissipation of joint. [8] [9] [10] [11] Since there are several bolts distributing in the joint, the characteristic of bolted joints has a great influence on the stiffness of the joint. Existing researches point out that hysteresis appears whenthe bolt was under the transverse harmonic load.
12 Bograd studied the hysteresis for the structure with several bolts under the transverse load.
13 Qin studied axial stiffness of the interface joined by clamp band and discovered the characteristic of hysteresis.
14 Van-Long attained the hysteresis of the flange joint without a snap through the experiment.
15
Scholars focused their study on the simulation of the hysteresis. 16, 17 Oldfield, Matthew used the Jenkins element to simulate the hysteresis when single bolt was under the transverse load.
18, 19 Hysteresis of flange joint is caused by the shear slipping between the two parts which are combined by the bolt. But the shear slipping between the two pieces of flange is restricted by the snap and no research has ever proved whether the hysteresis exits in such a case or not.
Shuguo established the three-dimension finite element model of joint with a snap to study the stiffness characteristic under the transverse load. 20 It was found that the bending stiffness decreases suddenly once the load reaches a certain value in the process of loading and that the values of bending stiffness before and after the decrease are both constants. This phenomenon was verified by his experimental result, but no analysis of generation mechanism was conducted. In this paper, the bending stiffness of joint is studied in the process of not only loading but also unloading. The sudden decrease of stiffness is obtained again through numerical calculation. Furthermore, the joint's hysteresis, which is related to the sudden decrease of stiffness, is discovered, and the generation mechanism of the sudden decrease of stiffness and the hysteresis are studied. The paper will provide reference for vibration suppression design and analysis.
STRUCTURE AND MODEL
The main characteristics of flange joint, cylinder, nut, head of bolt, contact interface, and the snap are shown in Fig. 1a , whose structure is the same size as in the reference. 20 The snap contact interface is set as interference fit for the purpose of strict centring. The yellow lines signify contact interfaces, and contact between the screw and the bolt hole are ignored. The complete finite element model is shown in Fig. 1b ; the solid parts of that model are modeled by three-dimensional brick elements called SOILD185 in ANSYS, and the contact interfaces are modelled by CONTAC174 and TARGE170. KEY-OPT CNOF is set as a positive value to simulate the interfer-
